Purpose Studies examining perceptual and arterial occlusion responses between blood flow restricted exercise and high load exercise often prescribe an arbitrary number of repetitions, making it difficult for direct comparisons. Therefore, the purpose of this study was to compare these protocols when performed to volitional failure. Methods Individuals completed four exercise conditions varying in load and pressure: (i) 15% 1RM; no restrictive pressure, (ii) 15% 1RM; 40% arterial occlusion pressure, (iii) 15% 1RM; 80% arterial occlusion pressure, and (iv) 70% 1RM; no pressure. Four sets of knee extension exercises were performed until volitional failure (or until 90 repetitions per set) was completed. Results A total of 23 individuals completed the study. While all conditions increased arterial occlusion pressure, the greatest increases (~30%) were observed in the blood flow restriction conditions. All lower load conditions resulted in greater RPE and discomfort than that of the high load condition, but only discomfort was increased further when adding blood flow restriction. Conclusion High load exercise will likely be perceived more favourably than lower load exercise to volitional failure; however, those who are incapable or unwilling to lift heavier loads may use blood flow restriction to help reduce the volume needed to reach volitional failure, although this will likely increase discomfort.
Introduction
The application of blood flow restriction has been shown to increase muscle size and strength when combined with low load resistance exercise in the upper (Ozaki et al., 2013; Farup et al., 2015) and lower (Laurentino et al., 2012; Fahs et al., 2015) body. Importantly, this modality of exercise has been shown to be efficacious for populations that may be incapable [e.g. rehabilitative populations (Ohta et al., 2003) , older adults (Vechin et al., 2015) ] or less willing to engage in resistance exercise with heavier loads. As it relates to blood flow restricted exercise, it has been shown that increasing the exercise load and/or magnitude of restriction pressure generally results in greater ratings of perceived exertion (RPE) and discomfort, while also augmenting the change in arterial occlusion pressure . These variables are important to consider as individuals may be less likely to adhere to exercise if it is not perceived favourably, and the augmented cardiovascular responses have raised concerns (although speculative) among some researchers (Spranger et al., 2015) . Previous studies, however, have not made a direct comparison to high load exercise (Wernbom et al., 2009; Loenneke et al., 2015; Jessee et al., 2017) or have not considered the cardiovascular and perceptual responses to these protocols performed to volitional failure (Yasuda et al., 2010; Loenneke et al., 2015) . This is an important consideration as this likely provides the most fair comparison across protocols as opposed to simply prescribing an arbitrary number of repetitions to be completed .
While blood flow restricted exercise commonly involves the use of 20-30% 1RM loads (Loenneke et al., 2011; Dankel et al., 2015) , it has been shown that the use of lower loads (i.e. 10% and 15% 1RM) blunts the elevated cardiovascular response to this mode of exercise . As the use of lower loads requires more repetitions to reach volitional failure, it remains unknown how the perceptual responses and arterial occlusion measurement would differ if these protocols were performed to volitional failure. Therefore, the purpose of this study was to examine the perceptual and arterial occlusion responses to very low load [15% one repetition maximum (1RM)] knee extension exercise to volitional failure (or up to 90 repetitions per set) with (40% and 80% arterial occlusion pressure) and without the application of blood flow restriction, and to directly compare these responses to traditional high load exercise (70% 1RM).
Methods Participants
A total of 23 individuals were recruited for participation in the study. Individuals were required to meet all inclusionary criteria which included: (i) between the ages of 18 and 35 years; (ii) body mass index (BMI) ≤ 30 kg m À2 ; (iii) regular engagement in resistance exercise over the previous 6 months; (iv) no regular use of tobacco within the previous 6 months; (v) not currently taking hypertensive medication; (vi) no orthopaedic injuries preventing exercise; and (vii) no more than two risk factors for thromboembolism [described elsewhere (Motykie et al., 2000) ].
Experimental design
Participants came to the laboratory on three separate occasions. Before each of the three visits participants were required to refrain from (i) exercise within 24 h; (ii) alcohol within 24 h; (iii) caffeine within 8 h; and (iv) food within 2 h. The first visit consisted of making sure individuals met the inclusion criteria before providing written informed consent for this study which was approved by the University's Institutional Review Board. Individuals were then measured for height, body mass, arterial occlusion pressure of both legs (used for familiarization), and 1RM on the unilateral knee extension machine for both legs. Lastly, individuals were familiarized with the training stimulus by completing one set of blood flow restricted exercise consisting of 15 repetitions at 15% 1RM and 40% arterial occlusion. Over the next two visits (visit 2 and visit 3 which were each separated by 10-20 days), participants completed four testing conditions (2 per visit). Their strength levels were considered relatively steady state, and no changes in their strength would be expected during the time course of the study. On each visit, one testing condition was completed for each leg in a randomized fashion. The four testing conditions varied based on the load and pressure combination and were as follows: (i) 15% 1RM with no blood flow restriction (15% 1RM/NO PRESSURE); (ii) 15% 1RM with a moderate restriction pressure (40% arterial occlusion pressure; 15% 1RM/40% PRESSURE); (iii) 15% 1RM with a high restriction pressure (80% arterial occlusion pressure; 15% 1RM/80% PRESSURE); and (iv) 70% 1RM with no restriction pressure (70% 1RM/NO PRESSURE). Arterial occlusion pressure was measured before and immediately after each bout of exercise to assess the cardiovascular response to each exercise protocol. Like systolic blood pressure, the arterial occlusion pressure details the amount of pressure needed to stop blood flow distal to the pressure cuff. Thus, the only difference between the arterial occlusion pressure measurement taken in this study and the commonly used measure of systolic blood pressure is the size and shape (countered versus not contoured) of the cuff being used. Therefore, changes in arterial occlusion pressure were taken to assess the effects of each exercise protocol on the cardiovascular system. RPE and discomfort measures were taken before and after each set of exercises.
Arterial occlusion pressure
With individuals seated on the knee extension machine, a 10 cm wide nylon cuff (Hokanson, Bellevue, WA, USA) was placed at the most proximal portion of the thigh. A 10 cm wide cuff was chosen to ensure that blood flow was able to be occluded before exercise in most, if not all, individuals (Loenneke et al., 2012b ). An MD6 Doppler probe (Hokanson) was then placed at the tibial artery at the ankle to detect an auditory pulse before the cuff was inflated to 50 mmHg using an E20 Rapid Cuff Inflator (Hokanson). The cuff was then slowly inflated until a pulse was no longer detected, and the lowest pressure in which a pulse was no longer detected was recorded as the arterial occlusion pressure. Before the first condition of the day, arterial occlusion pressure was taken following 10 min of quiet rest. Before the second condition of the day was completed, individuals rested for 15 min and the arterial occlusion pressure was reassessed in the leg to be exercised. This was done to account for any change in occlusion pressure that may have occurred after the 15 min rest period following condition one.
One repetition maximum
A 1RM was obtained for the unilateral knee extension exercise using a Hammer Strength Isolateral Leg Extension machine (Life Fitness, Rosemont, IL, USA). Individuals were instructed to buckle a seat-belt and cross their arms over their chest during all repetitions. Individuals performed a brief warm-up consisting of 10 repetitions with an unloaded lever arm. The load was then increased to an estimated 70% 1RM and individuals performed one repetition. Following this, the load was increased to an estimated 1RM and the weight was either increased after a successful attempt or decreased after an unsuccessful attempt. An attempt was deemed successful if individuals could lift the lever arm to a preset bar that was set at approximately full knee extension for all individuals. Each attempt was separated by 90 s of rest. A 1RM was obtained to the nearest 1Á25 kg.
Exercise protocol
The exercise protocol consisted of four sets of unilateral knee extension exercises on a Hammer Strength Isolateral Leg Extension machine (Life Fitness). All the conditions were completed with a cuff at the most proximal part of the leg even if there was no restriction pressure applied. All sets were performed until volitional failure or until 90 repetitions were completed. Ninety repetitions were chosen as this capped each set of exercises at 3 min (given 1 s for the concentric and 1 s for the eccentric portion of the exercise) and previous research suggests that longer durations of knee extensions (with the longest set averaging 198 s) results in a shift from myofibrillar to mitochondrial/sarcoplasmic protein synthesis (Burd et al., 2012) . A preset lever was placed at approximately full knee extension and individuals were required to reach this lever to continue exercising. If individuals failed to reach the bar on two straight attempts, or could not keep pace with the metronome, the set was terminated. A 30 s rest period was provided between sets for each of the three 15% 1RM conditions, and a 90 s rest period was provided between sets for the 70% 1RM condition. For the conditions in which blood flow restriction was applied (i.e. 15% 1RM; 40% PRESSURE, and 15% 1RM; 80% PRESSURE) the cuff was inflated immediately before exercise and remained inflated for the duration of the exercise protocol. For the condition in which blood flow restriction was not applied (i.e. 15% 1RM; NO PRESSURE and 70% 1RM; NO PRESSURE), the cuff was inflated to 0 mmHg. The postexercise arterial occlusion measurement was taken immediately after exercise by increasing the inflation pressure of the cuff that was already inflated during the bout of exercise (i.e. the cuff was never deflated until after the postocclusion measure was obtained). Fifteen minutes of rest was provided before the second condition (on the opposite leg) was completed.
Ratings of perceived exertion and discomfort
Participants were explained in depth how to rate their RPE and discomfort to ensure they understood the scale being used. Immediately before and after each set of exercise individuals were asked to rate their level of exertion using the standard Borg 6-20 scale. A rating of discomfort was obtained using Borg's Discomfort Scale (CR10 + ). It was explained to participants that the discomfort scale was rated from 0 to 10, with a score of 10 representing their previously worst felt discomfort. They were then instructed that a rating of 10 was their reference point and they could exceed 10 if the discomfort they felt was greater than what they have ever felt before. All participants fully understood the scale prior to exercise. Of note, we used a discomfort scale that did not contain any writing between numbers 0 'no discomfort' and 10 'maximal discomfort' (i.e. no descriptions such as 'slight discomfort', etc.) because we have anecdotally noted that these descriptions tend to result in individuals giving similar ratings across all conditions despite verbally acknowledging differences. Ratings of discomfort were taken immediately before exercise, as well as 20 s after sets 1, 2 and 3, and immediately after set 4. Discomfort was taken 20 s after each set because participants in previous studies anecdotally noted greater discomfort later in the rest periods and we felt this provided a more accurate representation of how discomforting the protocol was.
Statistical analysis
All analyses were performed using SPSS version 23 (IBM Corp., Armonk, NY, USA). A repeated measures ANOVA was computed across each condition to assess differences in training volume. A 4 (condition) 9 2 (time) repeated measures ANOVA was computed to determine differences in arterial occlusion. For comparisons of perceptual responses (RPE and discomfort), a Friedman non-parametric test was used to reveal differences between conditions within each time point (pre, set1, set 2, set 3, set 4). In the event of a significant Friedman test, Wilcoxon non-parametric tests were then used to find where differences occurred. Statistical significance for all tests was set at an alpha level of 0Á05.
Results
A total of 23 individuals (12 male, 11 female) completed the study. Only 12 individuals were included for the comparison of arterial occlusion pressures due to missing values (discussed later). Descriptive statistics were as follows (means and standard deviations): age: 22 (2) years, height: 174Á5 (10Á1) cm, body mass: 75Á6 (17Á2) kg, 1RM left leg: 36Á1 (11Á3) kg, and 1RM right leg 37Á4 (11Á3) kg. There were significant differences for total volume completed (P<0Á001) with the blood flow restriction conditions resulting in significantly less volume than the conditions performed without blood flow restriction (Fig. 1) . Notably, all individuals reached volitional failure (i.e. 90 repetitions could not be completed) for sets 3 and 4 across all four of the conditions. There was a significant interaction for arterial occlusion pressure (Table 1 ; P = 0Á003). While all conditions increased from pre to post (P<0Á001), differences across conditions at the post measure (P = 0Á001) detailed greater arterial occlusion pressures in the two blood flow restriction conditions [although the 15% 1RM; 80% PRESSURE condition was not statistically different than the 15% 1RM; NO PRESSURE condition (P = 0Á096)]. Friedman tests revealed significant differences for RPE during set 1 (P = 0Á012), set 2 (P = 0Á012), set 3 (P = 0Á002) and set 4 (P = 0Á001). The 70% 1RM condition was associated with a lower RPE in comparison to all other conditions (Table 2 ). There were no differences in RPE across any of the 15% conditions. Friedman tests also revealed significant differences for discomfort at the completion of set 1 (P<0Á001), set 2 (P<0Á001), set 3 (P<0Á001), and set 4 (P<0Á001). After the completion of each set, all conditions were significantly different than one another except for the 15% 1RM/NO PRES-SURE and the 15% 1RM/40% PRESSURE conditions after sets 1 and 2.
Discussion
Our main findings were as follows: (i) the application of blood flow restriction augments the increase in arterial occlusion pressure in response to very low load exercise and this exceeded that of traditional high load exercise without blood flow restriction; (ii) performing very low load exercise consisting of up to 90 repetitions per set resulted in greater RPE than high load exercise regardless of whether or not restriction was applied; and (iii) discomfort was greater during the 15% conditions when compared to the 70% condition, and this discomfort was further increased as the applied pressure was increased.
Our results suggest that the application of blood flow restriction during low load exercise augments the arterial occlusion response, which is in line with previous research examining blood flow restricted knee extension exercise to volitional failure (Takano et al., 2005) and blood flow restricted leg press and heel raises to volitional failure (Downs et al., 2014) . These findings have also been observed when using arbitrary protocols (i.e. a set number of repetitions) indicating that greater restriction augments the cardiovascular response that occurs during low load knee extension exercise (Rossow et al., 2012) . The increase in occlusion pressure in the present study, however, was~30% collapsed across blood flow restriction conditions which does not exceed the change in blood pressure that is observed during blood flow restricted walking (35%; Renzi et al., 2010) or unrestricted cycling exercise (44%; Miyai et al., 2002) . Additionally, previous studies have shown that bilateral knee extension exercise with blood flow restriction does not increase systolic blood pressure (~66%) above traditional high load knee extension exercises (~72%; Poton & Polito, 2015) , although the low load blood flow restriction conditions were not performed until volitional failure. Therefore, it does seem that applying blood flow restriction may augment the arterial occlusion/blood pressure response to resistance exercise, but not to an extent that would be considered dangerous for most individuals.
We found that, when exercise is performed to volitional failure, the exercise load (as opposed to the applied restriction pressure) is the primary determinant of RPE such that lower loads result in greater RPE. This would support previous research examining knee extension exercise to volitional failure in which greater RPE was observed during lower load conditions (20% 1RM: 18; 30% 1RM: 18; 70% 1RM: 15; Loenneke 90-90-90-90 ) across four sets. Thus, the high load condition in the present study was comparable to that used previously (Yasuda et al., 2010 ; all sets to failure) but the low load protocol we employed was more demanding. Even though the RPE was greater during low loads, the exercise volume was not different between the very low load and high load conditions and reduced with the application of blood flow restriction (Fig. 1) . Therefore, it is not the volume, but rather, the magnitude of fatigue that appears to impact RPE. This is further supported in that the application of blood flow restriction during exercise to volitional failure did not reduce RPE despite reducing volume, which also corroborates the findings of others examining knee extension exercise (Wernbom et al., 2009) . Similar to RPE, discomfort was greater when lower loads were performed to volitional failure regardless of whether or not blood flow restriction was applied (Table 3) . This also supports previous findings in which lower loads performed to volitional failure resulted in greater discomfort than heavier loads (20% 1RM: 7; 70% 1RM: 5Á5; Loenneke et al., 2015) , although a direct comparison across these conditions was not made in that study. Additionally, the idea that greater pressures resulted in greater discomfort has been observed previously (Counts et al., 2016; Jessee et al., 2017) and suggests that using higher blood flow restriction pressures may reduce adherence to exercise. Thus, similar to previous findings (Loenneke et al., 2012a) , we show that blood flow restriction may reduce the volume necessary to reach volitional failure (Fig. 1) , but it does so at an increased discomfort. Therefore, individuals may choose a pressure that limits the volume necessary to be performed but also does not drastically increase discomfort.
Our study is not without limitations. We were unable to obtain an arterial occlusion measure for 18 of the possible 92 postmeasures (19Á5%) which excluded 11 of the 23 individuals in the sample. The interaction with a bigger limb and a 10 cm cuff precludes arterial occlusion from being obtained, and this is likely why 8 of the 11 individuals excluded were males (Jessee et al., 2016) . This details a limitation of using the rapid cuff inflator as this device can only reach 300 mmHg. Another potential limitation exists in that the results are hard to generalize with previous blood flow restriction literature given that low load exercise was performed to volitional failure or up to 90 repetitions. Nonetheless, we feel this is a strength of the current study as it provides a more comparable stimulus across individuals and conditions. Furthermore, the arterial occlusion measurement was taken using a relatively small cuff size in comparison with the leg circumference which will likely result in larger values than those of more traditional systolic blood pressure assessments. Despite this potential limitation, it would seem likely that relative changes would be comparable to those taken with a wider cuff, and the focus of the current study was to compare across conditions within this study which all used the same measurement device. Another limitation exists in that we only measured arterial occlusion pressure postexercise (as opposed to during exercise), and thus, we cannot infer about the peak pressure present during exercise. Finally, we are unaware of the long-term muscle or vascular adaptations to the different protocols we employed and thus future studies may wish to conduct a long-term training study using these protocols.
Collectively, our results detail that both arterial occlusion pressures and perceptual responses tend to be greater when performing low load exercise to failure in comparison with Results are expressed as median (25th percentile, 75th percentile). All conditions were significantly different than one another except for set 1 and set 2 in which the 15% 1RM/NO PRESSURE and 15% 1RM 40% PRESSURE conditions were not different.
high load exercise to failure. Additionally, applying blood flow restriction to the exercised limb increases the arterial occlusion pressure while also increasing discomfort without any change in RPE. For the general population, it is likely that lifting heavier loads will be more palatable to increase exercise adherence as it is not perceived to be as exhausting or discomforting. For individuals who are incapable or unwilling to lift heavier loads, blood flow restriction can be a useful tool to help reduce the amount of volume needed to reach volitional failure; however, individuals experiencing high levels of discomfort may wish to reduce the level of restrictive pressure applied.
